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Postulation of the thesis 
The PhD thesis postulates that the solar-to-chemical energy conversion of 
nonstoichiometric compounds, such as TiO2 and its solid solutions, is profoundly 
influenced by atomic size structural defects (point defects).  
 
 






Technological advancements and population growth are placing enhanced stress on 
global energy resources. At the same time, the increasingly apparent negative effects 
of climate change indicate the need to generate clean energy, such as solar energy. 
This thesis is an attempt in making a contribution towards the development of 
materials for solar energy conversion.  
The present technology of solar devices is focused on silicon-based solar cells. 
Awareness is growing, however, that titanium dioxide, TiO2, is a promising 
candidate as a raw material for processing a new generation of solar materials that 
can be applied for solar-to-chemical energy conversion. The pioneering work of 
Fujishima and Honda [1] indicates that TiO2 may be used as photo-electrode for the 
generation of hydrogen fuel by water oxidation. The report of Fujishima and Honda 
resulted in intensive studies on processing TiO2 with enhanced performance in solar 
energy conversion. 
TiO2 exhibits an outstanding stability in water and, at the same time, strong reactivity 
with water upon UV irradiation leading to its oxidation. The main shortcoming of 
TiO2 for sunlight absorption is its relatively large band gap, which is 3.0 eV and 3.2 
eV for rutile and anatase, respectively, while the maximum efficiency of solar energy 
conversion can be achieved at 1.5 eV. Therefore, the most commonly reported 
research aims at reduction of the band gap of TiO2 by incorporation of extrinsic ions 
[2, 3]. 




The recent progress in photocatalysis indicates that the efficiency of solar-to-
chemical energy conversion by TiO2-based semiconductors is determined by a range 
of key performance-related properties (KPPs), including the concentration of surface 
active sites, Fermi level, charge transport, and charge transfer, in addition to the band 
gap [4, 5]. All these KPPs are defect-related. Therefore, processing the TiO2-based 
photocatalysts with enhanced performance imposes the need to better understand the 
effect of defect disorder on the reactivity of TiO2 and its solid solutions with water.  
When considering the effect of extrinsic ions on properties of TiO2, it is important to 
realize that the surface composition, which is mainly responsible for photocatalytic 
activity, is entirely different from that of the bulk phase as a result of segregation [6]. 
Recognition of this effect imposes the need to understand the effect of segregation on 
surface vs. bulk composition of TiO2-based solid solutions. 
The present work aims at understanding the effect of extrinsic ions, specifically iron 
ions, on electronic structure, surface vs. bulk composition, and photocatalytic activity 
of TiO2. Iron was selected as the dopant of TiO2 for the following reasons: 
 Iron exhibits lower valence than the host cation of the TiO2 lattice (Ti
4+
) and, 
therefore, forms acceptor-type defects required for water oxidation. 
 Incorporation of iron results in a reduction of the band gap of TiO2 [2, 7] and, 
consequently, enhances sunlight absorption. 
 Iron shows a variable oxidation state, including Fe2+, Fe3+ and Fe4+ 
[8], which may be modified by a change of oxygen activity. 
 Iron exhibits surface segregation in Fe-TiO2 [9, 10]. Therefore, iron could 
serve as a good template for determining the effect of processing on 
segregation and segregation-induced effects.  




 When dissolved in water in small quantities, iron ions may contribute to the 
desired mineralization of drinking water.  
 The effect of iron on photocatalytic activity of TiO2 has been the subject of intensive 
studies [2, 9]. However, the reported results on the effect of iron on photocatalytic 
activity of Fe-TiO2 [7, 11] and iron segregation in TiO2 [12, 13] are conflicting. 
Therefore, there is a need to clarify the conflicting reports. 
The effect of iron on properties of TiO2 discussed in the present project considers the 
following properties: 
(1) Electronic structure 
(2) Effect of segregation on surface vs. bulk composition 
(3) Photocatalytic activity 
The present project resulted in the following key findings: 
(1) Electronic structure 
 Incorporation of iron into the TiO2 lattice results in reduction of the band gap 
from 3.04 eV for pure TiO2 to 2.78 eV for Fe-doped TiO2 involving 1.4 at% 
Fe. 
 Increase of oxygen activity results in slight widening of the band gap. For 
instance, the band gap for Fe-doped TiO2 (0.18 at%) is to 2.90 eV and 2.96 
eV in reducing [p(O2) = 10
-12
 Pa] and oxidising [p(O2) = 100 kPa] conditions, 
respectively. 
(2) Surface vs. bulk composition 
This project reports the effect of iron segregation in Fe-doped TiO2 after annealing at 





 Pa. The elemental surface analysis was performed using both 




secondary ion mass spectrometry (SIMS), and X-ray photoelectron spectroscopy 
(XPS). The obtained results indicate that: 
 The segregation-induced iron concentration at the surface increases with the 
increase of bulk concentration of iron. 
 The segregation-induced surface iron concentration assumes maximum after 
annealing in reducing condition, and decreases with the increase of oxygen 
activity.  
 The ratio of di- to tri-valent iron at the surface decreases with the increase of 
oxygen activity during processing.  
(3) Photocatalytic activity  
The photocatalytic performance of Fe-doped TiO2 was determined from the progress 
of light-induced degradation of methylene blue (MB) as a testing agent. The 
mechanism of MB degradation was considered in terms of the predominant effect of 
surface active sites on water oxidation. The obtained results on the effect of oxygen 
activity on photocatalytic performance indicate that: 
 Oxidising condition. The photocatalytic activity increases for dilute solid 
solution (up to 0.09 at% Fe) and decreases with further incorporation of iron 
despite of reduced band gap.  
 Reducing condition. Incorporation of iron into TiO2 lattice results in a 
decrease of photocatalytic activity within the entire range of iron 
concentrations. 
 Variable oxygen activity. The highest photocatalytic activity of Fe-doped 
TiO2 is observed for the samples annealed in pure oxygen, and the lowest for 
the samples annealed in the conditions corresponding to the n-p transition 
point, where the charge transport assumes the minimum value. 
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1.1 Introduction  
Energy is needed for economic development. However, the unrestrained use of 
fossil-fuel based energy imposes a serious threat to the global environment, leading 
to climate change. There is thus an urgent need to develop new energy technologies 
using alternative sources of clean energy, such as solar energy. 
Main stream studies in solar energy conversion is focused on photovoltaic solar cells, 
known as silicon-based solar cells, which are used for solar-to-electrical energy 
conversion. The advancement of this technology has led solar power to be more 
competitive over energy generated from fossil fuels. This competitiveness will 
arguably lead to a decrease in the use of fossil fuels in energy generation.  
Another stream of research in solar energy conversion focuses on developing new 
generation of oxide materials, photosensitive oxide semiconductors (POSs) [1, 2], 
which can be used for solar-to-chemical energy conversion. Awareness is growing 
that the properties of POSs are profoundly influenced by lattice imperfections (point 
defects) which are thermodynamically reversible [3-6].  The present study focuses on 
the POSs, which are the most abundant functional materials.   
 






1.2 Oxide-based semiconductors  
The POSs include a range of metal oxides, such as TiO2 [7, 8], WO3 [9], ZnO [10], 
and Fe2O3 [11]. The present thesis is focused on TiO2 (also known as titania) which 
is a promising material for solar energy conversion [8].  
The photosensitivity of TiO2 is relatively low due to its large band gap. Therefore, 
the research strategy to modify its properties, especially the band gap, consist in the 
incorporation of extrinsic ions into TiO2, such as Fe [12, 13], Cr [14], Mn [15, 16], 
Ta [6], Nb [17], Co [18], V [19], Ni [20], Zn [21], W [22], Mo [23], Ir, and rare 
earths ions including La, Ce, Er, Pr, etc. [24].  
1.3 Why TiO2? 
 TiO2 is the abundant material which is present in the form of three different crystal 
structures: (i) anatase (ii) rutile, and (iii) brookite. Amongst those, rutile is 
thermodynamically stable form of TiO2, which is highly reactive with water and 
chemically stable when immersed in water. Since the pioneering experiment of 
Fujishima and Honda [25], showing the potential use of TiO2 in water splitting, 
numerous studies have been performed to develop efficient TiO2-based 
semiconductors that can be used for solar-to-chemical energy conversion [26-30], 
dye-sensitized solar cells [31, 32], gas sensors [33-36], air purification [37-39], and 
self-cleaning [40-42].  
1.4 Aims 
The present study aims to develop a new TiO2-based photosensitive material for 
solar-to-chemical energy conversion. The current work, which is a part of the PhD 






research program at the Western Sydney University, Solar Energy Technologies, 
investigates the electronic structure, surface vs. bulk composition and photocatalytic 
performance of TiO2 and its solid solutions considering defect chemistry as an 
underlying framework. The aim of the present thesis is to understand the effect of 
iron on several defect-related properties of TiO2, including photocatalytic activity in 
partial water oxidation. 
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2 Definition of terms  
The present chapter provides the definition of basic terms used in the present thesis, 
including defect disorder of pure and Fe-doped TiO2 and several defect-related 
properties, such as electronic structure, segregation and photocatalytic activity in 
partial water oxidation. 
2.1 Defect chemistry 
All crystals, including oxide crystals, are defected. The point defects are responsible 
for nonstoichiometric of metal oxides. These intrinsic defects, which are formed by 
interactions between the oxide lattice and gaseous oxygen, include oxygen vacancies, 
cation vacancies, and cation interstitials. Extrinsic defects refer to the presence of 
unintentional dopants (impurities) or intentional dopants, such as iron, chromium, 
and tantalum. It has been reported that defect engineering can be applied in 
processing an efficient photocatalyst with enhanced solar-to-chemical energy 
conversion [1-3]. 
2.1.1 Defect disorder of TiO2 
Nonstoichiometric compounds, such as TiO2, exhibit a wide range of ionic defects, 
including oxygen vacancies, titanium vacancies, and titanium interstitials as well as 
electronic defects, such as quasi-free electrons and electron holes [4-7]. The notation 
for point defects and their meanings are presented in Table 2-1 using the symbols 






proposed by Kröger and Vink [8]. The defect reactions must satisfy the balances of 
mass, site ratio and charge.  
 








































2O  ion in oxygen sub-lattice of 
TiO2 

OV  Doubly ionized oxygen vacancy 
x
TiTi  
4Ti ion in the titanium sub-
lattice   

iTi  
3Ti  ion located in interstitial site 

iTi  
4Ti ion located in interstitial 
site 
TiV   
Fully ionized titanium vacancy 
e  
Quasi-free electron located on 
the 3Ti ion in the titanium sub-
lattice 
h  
Quasi-free electron hole located 
on the 
O ion in the oxygen sub-
lattice 
 
Defect disorder is described by equilibrium constants and the charge neutrality. The 
equilibrium constants for the reactions (2-1) - (2-5)  are defined in equations (2-6) to 
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 OppVK Ti  (2-9) 






npKi   (2-10) 
The square brackets denote the concentration of ionic defects, the concentration of 
electrons and electron holes are denoted by n and p, respectively and p(O2) 
represents the oxygen activity. The charge neutrality for pure TiO2 and its solid 
solutions with singly ionised donors, D , and acceptors, A , is represented by 
equations (2-11) and (2-12), respectively: 
 
(2-11) 
]'[][4][][4][3][2 '''' AVnpDTiTiV TiiiO 

 (2-12) 
Using the expressions (2-6) - (2-10) and the condition (2-12), the effect of oxygen 




















nOpKnKnADnnOpKK ii  (2-13) 
Equation (2-13) can be used for the derivation of defect disorder diagram, shown in 
Figure 2-1a. As seen from the above equation (2-13), the concentration of electrons 
depends on oxygen activity and the equilibrium constants for all defect reactions.  
As seen in Figure 2-1a, TiO2 at 1273 K in the oxygen activity of p(O2) = 14 kPa is 
an amphoteric semiconductor that exhibits comparable concentrations of electrons 
and holes. Consequently, TiO2 equilibrated at 1273 K with oxygen activity p(O2) > 
14 kPa and p(O2) < 14 kPa is a p- and n-type semiconductor, respectively.   
][4][4][3][2 ''''TiiiO VnpTiTiV 








Figure 2-1: The effect of oxygen activity on the concentration of electronic and ionic 
defects in (a)  pure TiO2, and (b) TiO2 doped with 1 at% of singly ionised acceptor at 
1273 K. 






The effect of singly ionized substitutional acceptor species, which are negatively 
charged, is shown in Figure 2-1b, assuming ][
D  = 0 at% and ][A  = 1 at%. As 
depicted, the incorporation of acceptor-type ions into TiO2 results in the following 
changes of defect disorder: 
(i) Shift of the n-p transition point towards lower p(O2).  
(ii) Lowering the concentration of titanium vacancies.  
2.1.2 Defect disorder of Fe-doped TiO2 
Iron can be incorporated into TiO2 lattice according to a range of mechanisms. Iron 
ions can enter into host lattice through substitutional or interstitial mechanisms and 
form the associated defects that are needed to satisfy the charge neutrality condition. 
The commonly reported mechanism consists in the incorporation of tri-valent iron 
ions into titanium sites [10]: 
x
OOTi OVeFOFe 3232 

  (2-14) 
This defect disorder is governed by the ionic charge compensation: 
][2][  OTi VeF  (2-15) 
At high oxygen activity, tri-valent iron ions may also be incorporated into TiO2 by 








In this case the defect disorder is governed by the following electronic charge 
compensation: 
][ TieFp   (2-17) 
The incorporation of di-valent iron into TiO2 may proceed by similar reactions:  

















These disorders are governed by the following charge neutrality conditions, 
respectively: 
][][  OTi VeF  (2-20) 
][2 TieFp   (2-21) 






  (2-22) 
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oTii OVFeOFe 6342 32 




62 OeFeOFe i 
  (2-24) 
These mechanisms are governed by the following charge compensations, 
respectively: 
][4][3 Tii VFep 

 (2-25) 
][4][3 Tii VFe 

 (2-26) 
][3  iFen  (2-27) 
Analogously, incorporation of di-valent iron into TiO2 can be considered by the 
following reaction: 





This defect disorder is governed by the ionic charge compensation: 
][4][2 Tii VFep 

 (2-29) 






Equations  (2-14) – (2-29) represent the effect of iron on bulk properties of TiO2. 
However, the surface properties of Fe-doped TiO2 are essentially different from the 
bulk owing to iron segregation [10].  
Knowledge of the effect of processing conditions on the iron incorporation 
mechanism into TiO2 lattice allows its properties to be modified in a controlled 
manner. For instance, the reaction mechanisms shown in equations 2-16, 2-19, 2-22, 
and 2-28 result in shifting the Fermi level towards the valence band of TiO2, which 
leads to an increase of anodic behaviour. The incorporation mechanism of iron into 
TiO2 determines a range of its properties, such as electronic structure, surface vs. 
bulk composition, and photocatalytic activity, as described in Results and 
Discussions chapter.  
2.2 Electronic structure 
Band theory can be used to explain the electronic structure of the materials which are 
generally considered as conductors, semiconductors and insulators based on their 
energy gap or band gap, as schematically shown in Figure 2-2. The valence band 
and conduction band overlap in conductors. In semiconductors, the electrons from 
the valence band can move to the conduction band as a result of thermal, optical or 
electrical excitation. 




























Figure 2-2: The schematic representation of the electronic structure of a conductor 
(a), semiconductor (b), and insulator (c). 
Band gap 
The smallest energy difference between the top of the valence band and bottom of 
the conduction band is termed band gap. When semiconductor is exposed to the light 
of photon energy larger than the band gap and it is absorbed, the excess of lattice 
energy results in a transition of electrons over the band gap. Subsequently, the photo-
generated quasi-free electrons and electron holes can drive photocatalytic reactions at 
the solid surface. The band gap of TiO2 (rutile) is 3.0 eV. This makes the 
photocatalyst efficient only under UV light. The reported band gap values for anatase 
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Mid-gap energy levels 
The reported energy levels of intrinsic defects as well as the iron energy level within 
the band gap are shown in Figure 2-3. The energy levels of the intrinsic defects were 
calculated theoretically [20]. As reported, oxygen vacancy forms a donor level which 
is around 1.18 eV below the conduction band of TiO2 and the titanium interstitial 
level is  approximately 1.47-1.56 eV below the conduction band. On the other hand, 
titanium vacancy induces an acceptor level located about 1.15 eV above the valence 
band of TiO2.  
Wang et al., 2010 [21] reported that Fe doping leads to the reduction of band gap of 
TiO2 with the introduction of a new intermediate energy level (iron in Ti position) 
which is located around 0.1 eV above the valence band of TiO2. Umebayashi et al., 






2002 [22] determined, by theoretical calculations, that the iron energy level lies 0.2 


































The energy band, which is formed by grouping the range of energy levels of the 
valence electrons or outermost orbital electrons, is called the valence band. 
Conduction band 
The collection of energy levels associated with the free electrons (if the electrons in 
the valence band gain sufficient energy, they can become free electrons) is called the 
conduction band. 
Fermi level 
From the solid state chemistry perspective, charge transfer at solid/liquid interface 
during chemical reaction is determined by the difference between the chemical 
potential of electrons in solid (Fermi level) and the electron affinity of the molecule 






involved in the reaction. According to the Fermi-Dirac statistics (expressed by 









)(   (2-30) 
where, f(E) is the probability of an electron to be in energy state E, kB is the 
Boltzmann constant, EF is the Fermi level, and T is the absolute temperature.  
2.3 Optical transition models 
Two types of optical transitions, direct and indirect, can be considered and they are 
shown in Figure 2-4. If an electron transfers from the valence band to the conduction 
band without a change of its wave vector, the transition is termed as direct. When a 
change of the wave vector is required, the transition is termed as indirect. In this 
process, the absorption of both photon and phonon take place. 
The light absorption coefficient is much higher for indirect transition than in direct 
transition as it is proportional to the square and square root of photon energy (hν), 
respectively [23]. That clearly indicates; light of certain wavelength can penetrate 
more into a semiconductor before being absorbed for an indirect transition than 
direct transition. 





















Figure 2-4: The schematic representation of optical transitions in semiconductors. 
VB and CB represent the valence band and conduction band, respectively. Empty 
circle and filled circle (black) represents the electron hole and electron, respectively. 
2.4 Photocatalytic reaction mechanism of TiO2 
This section focuses on the reaction mechanism of TiO2-based semiconductors with 
water, although the basic concepts are applicable for other oxide-based 
semiconductors as well. TiO2 is extensively used in solar-to-chemical energy 
conversion systems via partial or total water oxidation.  In both cases, TiO2 is 
submerged into an aqueous solution and exposed to light.  The reactivity of TiO2 is 
influenced by several factors, such as the light energy, the composition of aqueous 
electrolyte in contact with the semiconductor and the properties of the 
semiconducting materials acting as the photocatalysts or photoelectrodes.  
2.4.1 Partial water oxidation (water purification) 
The concept of partial water oxidation refers to the reactivity between the adsorbed 
water molecules and the surface of oxide semiconductors, such as TiO2  [24]. In the 






initial step, the light-induced ionisation over the band gap of TiO2 leads to the 
formation of electron-hole pair. Figure 2-5 represents a simple model of this process.  
ehh TiO  2  (2-31) 
The electrons and holes then migrate to cathodic and anodic sites, respectively as 
subsequent reactions occur at both sites of the catalyst.  At the anodic sites, water 
reacts with the electron holes forming hydroxyl radicals. The hydroxyl radicals have 
a strong ability to react with the organic contaminants present in water and 
decompose them into harmless products. That results in water purification. The 
anodic process may be represented as: 
  OHHhOH2  
(2-32) 
+








Figure 2-5: Model representing the formation of an electron-hole pairs within the 
surface layers of TiO2 and their subsequent involvement in reduction and oxidation 
reactions. 
 
At the cathodic sites, the reaction (2-33) is associated with the removal of electrons 
from the surface and their transfer to the surface adsorbed oxygen molecules.  This 
process creates superoxide species which can decompose organic pollutants in water 
as well:  






 22 OeO  
(2-33) 
2.4.2 Total water oxidation (hydrogen fuel) 
In total water oxidation, the reactivity between the adsorbed molecules and the oxide 
semiconductor is associated with the multi-electron charge transfer  [24]. Figure 2-6 
shows the schematic representation of a photo-electrochemical (PEC) cell where 
TiO2 acts as a photo-anode. The incident photon of sufficient energy on absorption in 
TiO2 photo-anode forms electron-hole pairs. These electrons and electron holes are 
separated from each other due to the presence of an electric field which forms at the 
interface of TiO2 and H2O. The photogenerated electrons in the conduction band are 
transported to the cathode via an external wire. The photogenerated holes are swept 
toward the semiconductor/electrolyte interface, where they oxidize water to form 
oxygen gas and hydrogen ions (H
+
). At the cathode, the electrons and hydrogen ions 
form hydrogen gas. No additional energy sources except sunlight are used for 
photoelectrochemical water splitting. In practice, however, additional bias voltage 
may be applied to oxidise water. 



































Figure 2-6: The schematic representation of water-splitting by a semiconductor 
where (a) oxygen and hydrogen generation reaction take place and (b) the basic 
principle of the hydrogen-evolving photoelectrochemical cell. Where, hv represents 
the photon energy, VB and CB represents the valence and conduction band, 
respectively. 
2.5 Effect of key performance-related properties (KPPs) on 
photocatalytic performance 
Photocatalytic partial water oxidation by TiO2 is determined by the light-induced of 
TiO2 with water. Overview of the literature reported data indicate that the reactivity 
depends on rate of properties, including: 
 Band gap 
 Concentration of surface active sites 
 Fermi level 
 Charge transport 
 Band edge alignment 
 






2.5.1 Band gap (KPP-1).  
The photocatalytic activity of oxide semiconductors in water oxidation is commonly 
reported as determined by the band gap. The effect of the band gap on the 
performance is considered in terms of the amount of light absorbed, which is 
determined by the band gap. Another word, the band gap is critical for light 
absorption. This is the reason why most commonly studied performance-related 
properties is band gap [14, 16, 25-36]. The band gap of pure TiO2 is approximately 3 
eV for rutile. On the other hand, the band gap required for maximum photocatalytic 
performance of TiO2 is 1.5 eV. Therefore, there is a need to reduce the band gap of 
TiO2 that can be achieved by incorporation of extrinsic ions of donor or acceptors or 
modification of the lattice oxygen activity. While the band gap on performance is 
clear, the photocatalytic activity also depends on many other properties. 
2.5.2 Concentration of surface active sites (KPP-2).  
The reactivity of TiO2 and its solid solutions with water depends on the concentration 
of specific surface active sites. The most effective active surface active sites in water 
oxidation are titanium vacancies, which can provide electron holes for the anodic 
reactions (this sites can also remove electron from water). The concentration of these 
active sites can be increased by imposition of enhanced oxygen active of gas phase 
during processing. 
2.5.3 Fermi level (KPP-3).  
Fermi level is reflective of the ability of the semiconductors to accept or donate 
electrons, consequently, the elevation of the Fermi level results in enhanced charge 






transfer during reduction reactions. Alternatively, lowering the Fermi level results in 
enhanced anodic reactions. 
2.5.4 Charge transport (KPP-4).  
The light induced electronic charge carers, which are formed beneath the surface, 
must be transported to the reaction sites at the surface. This process is determined by 
charge transport. Therefore, the charge transport has a profound effect on the 
photocatalytic performance. 
2.5.5 Band edge alignment (KPP-5).  
Band edge alignment is critical for charge transfer between the semiconductor and 
the redox couple in the liquid phase. Figure 2-7 represents the charge transfer 
between the semiconductor (derived in terms of the flat band model) and the redox 
couple in water electrolyte, which allows charge transfer for both reduction and 
oxidation.  
  OHHhOH2
  22 OeO












Figure 2-7: The schematic representation of the band model of intrinsic TiO2 in 
water and associated redox reactions for photocatalytic water purification. 
 






2.6 Segregation  
Segregation refers to the transport of ionic species (i.e. native defects or extrinsic 
defects related to doping) from the bulk to the surface leading to enrichment of the 
surface layer in these species. The main driving forces that can influence segregation 
are electrostatic attraction (positive- and negative-type defect) and strain energy 
(lattice mismatch). As a consequence of segregation, surface properties of the 
catalyst differ from the bulk properties in terms of chemical composition and 
structure, which are affected by the following factors: 
(i) Oxygen activity. It has been attested that segregation of lattice species in TiO2 
strongly depends on oxygen activity [10]. 
(ii) Annealing temperature. The segregation equilibrium depends on 
temperature. Consequently, the segregation-induced enrichment factor 
depends on the applied annealing temperature [37].  
(iii) Distance from the surface. Segregation results in the formation of surface vs. 
bulk concentration gradient [10].  
(iv) Composition. The enrichment factor has a tendency to increase with the 
decrease of the concentration of species in the bulk. 
 
2.7 Experimental facilities for the determination of iron 
concentration 
The present work uses a range of analytical techniques which exhibit different depth 
resolution and sensitivity to determine the iron concentration in Fe-doped TiO2: 
SIMS, XPS and PIXE.  
(a) SIMS allows to determine depth profiles of selected lattice species. 






(b)  XPS can be used to determine the average elemental composition within the 
surface layer of approximately 4-6 nm thickness. 
(c) PIXE can be used to determine the bulk concentration of the selected 
elements.  
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3 Literature overview 
The available reports on the mechanism of iron incorporation into the TiO2 lattice 
and photocatalytic activity of Fe-doped TiO2 in partial water oxidation are full of 
conflicting results. The aim of this literature overview is to collect the reported data 
and identify unresolved problems. It is shown that the observed discrepancies in 
many instances are related to the effect of oxygen activity on mechanism of iron 
incorporation and the related electronic structure. The later effect has been ignored so 
far. The present chapter presents a brief overview on the properties of TiO2, 
including solubility of iron in the TiO2 lattice, electrical conductivity, electronic 
structure, effect of iron concentration on band gap, effect of segregation on surface 
vs. bulk composition, valence of iron ions, phase transition, and effect of iron on 
photocatalytic activity of TiO2. This chapter also formulates the key questions for 
this PhD project.  
3.1 Iron solubility limit in TiO2 
Solubility limit of solids in solids can be defined as maximum quantity of the 
substance (the solute) that can be dissolved in another substance (the solvent) and 
form solid solution at specific temperature and specific gas phase composition and 
pressure.  




Solubility limit for metal oxides can be defined as maximum amount of solute oxide 
that is dissolved in the solvent oxide and form solid solution at specific temperature 
and the gas phase of specific oxygen activity.  
Solubility limit of iron (solute) in TiO2 (solvent) is the maximum amount of iron that 
can be dissolved in TiO2 and form solid solution of Fe-doped TiO2 at specific 
temperature and gas phase of specific oxygen activity. 
The properties of solid solutions are well-defined within the solubility limit when the 
studied specimen is homogeneous in terms of its structure and chemical composition. 
Incorporation of the amount of solute beyond the solubility limit results in the formation 
of a heterogeneous system, which is more awkward for characterization. The reported 
data on the effect of temperature on the solubility of iron in TiO2 is represented in 
Figure 3-1.  
As seen, the solubility limit of iron in TiO2 strongly depends on the annealing 
condition, such as temperature and time. According to Li et al., [1] and Wittke et al., 
[2], the iron solubility limit in TiO2 is around 1 at% when specimen is annealed at 
1073 K, and increases with annealing temperature, assuming the level of 3 at% Fe at 
1673 K [2]. As seen from the data of Li et al., [1] and Wittke et al.,[2], the effect of 
oxygen activity on the solubility limit is negligible. So far, the effect of oxygen 
activity on iron solubility limit has not been reported. 
According to Busiakiewicz et al., [3], the iron solubility limit in TiO2 single crystal is 
substantially below the level established for polycrystalline specimens of TiO2. As 
seen, the iron solubility limit according to Pownchevy et al., [6] (0.8 at% at 1473 k), 
is markedly below the solubility limit. The observed discrepancy, which seems 




related to the short time of annealing conditions (1 h), indicates that the solubility of 
iron in TiO2 achieves the solubility limit after prolonged period of time.   
 
Figure 3-1: Solubility limit of iron in TiO2 as a function of annealing temperature for 
polycrystalline specimens annealed in air [2-6] except the data of Li et al.,[1]. The 
applied approaches include: EPR (electron paramagnetic resonance), DRS 
(differential reflectance spectroscopy), XRD (x-ray diffraction), STM (scanning 
tunnelling microscope), ESR (electron spin resonance) and EMP (electron 
microprobe). 
 
3.2 Electrical conductivity  
Figure 3-2 represents the reported effect of oxygen activity on electrical conductivity 
of undoped and Fe-doped TiO2. As seen in Figure 3-2, iron incorporated in the TiO2 
lattice results in a shift of the minimum of the electrical conductivity (corresponding 




approximately n-p transition) to lower oxygen activity [7]. The results in Figure 3-2 
show that TiO2 can be converted into p-type TiO2 by annealing the specimen in high 
oxygen activity and incorporation of acceptor type ions, such as iron. This effect can 
be applied to impose the desired properties which correspond to enhanced 
performance of TiO2 in solar-to-chemical energy conversion. 
 
Figure 3-2: The effect of oxygen activity on electrical conductivity of undoped and 
Fe-doped TiO2 [7]. 
3.3 Effect of iron on the band gap of TiO2 
The effect of iron on the band gap of TiO2 is represented in Figure 3-3, showing the 
dependence on iron concentrations for specimens of different morphologies, 
including thin films [8-12], nanotubes [13-15], and nanoparticles [16-22]. 
Thin Films. As seen, the reported data of Sobczyk et al., 2015 [11], and Tang et al., 
2014 [12] indicate that iron doping up to 2 at% results in a decrease of the band gap 
of thin films. The remaining authors [8-10] reported an insignificant effect even at 
the concentration of iron up to 20 at%.  The latter data suggest that iron is not 
effectively incorporated into TiO2 lattice.  




Nanotubes. The reported data of all cited authors [13-15] indicate that increased iron 
concentration leads to a reduction of the band gap within the whole studied range. 
The observed change of the band gap was from approximately 3.2 eV for pure TiO2 
to about 2.8 eV for Fe-doped TiO2 at 7 at% of iron. 
 
 
Figure 3-3: The reported band gap of TiO2 as a function of iron concentration for 
samples of different morphologies, such as thin films [8-12], nanotubes [13-15], and 
nanoparticles [16-22]. Subscripts A and R represents the anatase and the mixture of 
anatase and rutile, respectively. 




Nanoparticles. The scatter of reported data in this case is substantial. The most 
substantial effect reported by Delekar et al., 2012 [19], indicates that introduction of 
iron at the level of 3 at% results in a reduction of the band gap from 3.2 eV for pure 
TiO2 to 2.3 eV for Fe-doped TiO2.  The effects reported by the remaining authors 
[16-18, 20-22] essentially confirm that iron incorporation decreases the band gap. 
However, the related data differ in their absolute values. This scatter is likely to be 
related to different assumed electronic transition mechanisms and the differences in 
particle sizes, which were not reported. However, it is known that the band gap 
decreases with the increase of particle size, and particle size increases with the 
annealing temperature [23]. 
3.4 Surface vs. bulk composition of iron in Fe-doped TiO2 
The surface composition of a solid is entirely different from that of the bulk phase as 
a result of segregation [24]. The difference between the surface and bulk composition 
is influenced by both kinetic and the thermodynamic factors. The kinetic factor, 
which is related to the diffusion kinetics of segregating species, depends on the 
annealing temperature. However, the annealing temperature should be high enough 
to impose gas/solid equilibrium that is required to convert anatase to rutile as well as 
to reach segregation equilibrium; the segregation-induced surface concentration is 
determined by the thermodynamic factor. For a two component system, the surface 


























2  (3-1) 
Where 
sX1   and 
bX1  denote the surface and bulk molar fraction of the solute at the 
surface and in the bulk, respectively, 
sX 2   and 
bX 2  represent the surface and bulk 




molar fraction of the solvent, ΔHseg is the enthalpy of segregation, kB is the 
Boltzmann constant and T is the absolute temperature. Hirschwald et al. 1989 [25] 
have shown that the enthalpy of segregation for Cr-doped NiO within the solubility 
range is independent of the chromium concentration.  
Knowledge of the effect of segregation on surface composition is essential in the 
interpretation of the mechanism of catalytic and photocatalytic reactions, which are 
determined by surface rather than bulk composition. The effect of segregation on 
surface properties of oxide materials has been reported for solid solutions, such as 
Cr-doped NiO [25] and Cr-doped CoO [25].  
The segregation of specific species in oxide-based semiconductors, such as TiO2, is 
more complex than that in metals and alloys. The segregation of species in oxide 
semiconductors are substantially influenced by the oxygen activity [24].  
The main driving forces of the segregation in metal oxides, such as TiO2, can be 
summarized as follows: 
(a) The electrostatic potential difference between the surface and bulk defects.  
(b) The strain energy induced by the lattice mismatch. 
 
The reported data on iron segregation in Fe-doped TiO2 is presented in Table 3-1, 
including the effect of annealing conditions, such as temperature and oxygen activity, 
surface and bulk concentrations of iron, and the related enrichment factor of iron [15, 










Table 3-1: The reported data on iron segregation in Fe-doped TiO2 [15, 24, 26-34]. 
 
 
The data in Table 3-1 related to annealing in air is represented graphically in Figure 
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a = Nominal; b = Energy dispersive X-ray spectroscopy (EDX); c = Inductively coupled plasma-
optical emission spectrometry (ICP-OES); d = Inductively coupled plasma (ICP); e = Atomic 
absorption spectrometry; SIMS = Secondary ion mass spectrometry; XPS = X-ray photoelectron 
spectroscopy 





Figure 3-4: The reported segregation data for Fe-doped TiO2 after annealing in air, 
including segregation-induced surface vs. bulk concentration of iron (a), and the 
related enrichment factor of iron (b). 
 
As seen, there is a clear tendency for the iron enrichment factor to increase with the 
decrease of bulk iron concentration. However, the reported results exhibit a 
substantial scatter in both absolute concentration data and the related enrichment 
values. The observed discrepancies are related to different processing conditions, 
including the temperature, and the time of annealing as well as the gas phase 
composition. While in most cases the specimens were annealed in air, different 




humidity level in the surrounding environment seems to have had an effect on the 
concentration of protons incorporated during the annealing. Therefore, in present  
work a care will be taken to minimize the related effects by using the following 
processing conditions: 
 The temperature of annealing will be high enough to allow segregation to 
reach equilibrium.  
 The time of annealing will be long enough to reach segregation equilibrium. 
 The gas phase composition will be well-defined. Although annealing in air 
assures the desired oxygen activity of p(O2) = 21 kPa, elimination of 
humidity factor requires the use of dry air or an artificial air composed of dry 
gases.        
In considering the effect of segregation, it is important to know the location of the 
solute incorporated into TiO2 lattice. The size and charge of solute ions have an 
impact on segregation in general, and iron in particular, as described later (section 
5.2.3). The reported positions of iron incorporated into TiO2 lattice and incorporation 
mechanisms are shown in Table 3-2.  
According to Table 3-2, three different iron species have been indentified for Fe-
doped TiO2: 
 Tri-valent iron incorporated into titanium sites leading to the formation of  
effectively singly ionised acceptor-type defects. 
 Di-valent iron incorporated into cation sublattice leading to the formation of 
doubly ionised acceptor-type defects. 
 Tri-valent iron incorporated into interstitial sites and acting as donor-type 
defects.   
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Iron incorporates into TiO2 through 
substitutional mechanism. 
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The electrical conductivity of Fe-doped 
TiO2 is greater than that for pure TiO2 in 
oxidising condition owing to the 
increased hole concentrations, which 
indicates that iron acts as an acceptor- 
type dopant. 
Bally et al., 1998 
[36] 
Bernasik et al., 
1994 [24] 
SIMS 
Iron segregation in Fe-doped TiO2 is 
significant in oxidising condition (100 
kPa). 
Sasaki et al., 1983 
[37] 
Diffusion 
While diffusing interstitially into TiO2 
iron exhibits transient valency of +3. 
iFe  Janes et al., 2004 
[38] 
ESR 
Iron preferentially enters into TiO2 
through interstitial mechanism. 
Fan et al., 2009 [39] Mossbauer 
Iron exists as Fe2+ and Fe3+ in Fe-doped 
TiO2 when the specimens were annealed 
in lower and higher oxygen activity, 
respectively. 
TieF  , TieF   
SIMS = Secondary ion mass spectrometry, EPR = Electron paramagnetic resonance, ESR = 
Electron spin resonance 
 
Since the mechanism of iron incorporation is profoundly influenced by the 
experimental conditions, the specimens need to be prepared through well-defined 
experimental procedure assuring reproducible properties. The key approaches 
included: 
 Formation of Fe-doped TiO2 by sol-gel technique following the individual 
steps in reproducible manner. 
 Selection of the processing parameters leading to the incorporation of iron 
into TiO2 lattice and the formation of solid solution. 
 Analysis of the bulk chemical concentrations, including iron and the major 
impurities. 
 Inducement of iron segregation in Fe-doped TiO2 by annealing in the gas 
phase of controlled oxygen activity. 




3.5 Effect of experimental conditions on the valence of iron 
ions in TiO2  
The effect of the applied experimental procedures and the associated high-
temperature processing conditions, such as temperature and oxygen activity on the 
valence of iron ions in TiO2 is shown in Table 3-3. The XPS data of Zhou et al., 
2005 [40] and Wang et al., 2012 [41] indicate that iron ions incorporated into the 
surface layer of TiO2 during annealing in air have both  2+ and 3+ states. Assuming 
that in both cases iron enters preferentially into titanium sites, the relative electrical 
charge of iron, compared to the lattice, is -2 and -1, respectively. In both cases iron 
ions form acceptor levels leading to a decrease of the Fermi level. The ESR data of 
Janes et al., 2004 [38] show that iron is incorporated into the bulk phase of TiO2 
preferentially into interstitial sites leading to the formation of donors and an increase 
of the Fermi level.  
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the insufficient annealing 
temperature. 




Li et al., 
2009 [31] 























Iron oxide clusters present 
at the surface.  









The annealing temperature 
was not high enough to 
reach equilibrium. 






Iron oxide cluster present 
at the surface. 






(Fe2+)s  > 
(Fe4+)s  
Fe3+ is the predominant 
oxidation state at the 
surface, and Fe3+ forms 
TieF  . 
 
Bernasik et 
al., 1994 [24] 







Iron segregates more in 
oxidising condition than in 
reducing condition and 
iron acts as acceptor- type 
dopant. 
Janes et al. 
2004 [38] 





incorporates into TiO2 
through interstitial 
mechanism. 








Incorporation of iron 
results in formation of 
oxygen vacancies. 
Chang et al. 
2014 [44] 




The increase of oxygen 
activity increases the 
concentration of
TieF  . 
XPS – X-ray photoelectron spectroscopy, SIMS – Secondary ion mass spectrometry, ESR – Electron 






3.6 Phase transformation from anatase to rutile 
Titanium dioxide exists as different polymorphs of which the most common are 
anatase, rutile, and brookite. However, only anatase (metastable) and rutile (stable) 
are being studied extensively owing to their prevalent availability. The irreversible 
anatase to rutile phase transformation is affected by several parameters which are 
discussed in the following sub sections:  




3.6.1 Effect of annealing temperature and iron 
concentration 
The kinetics of phase transformation strongly depends on the annealing temperature 
and impurity concentration in TiO2 [45-47]. It has been reported that the 
incorporation of iron into TiO2 lattice results in an enhanced concentration of oxygen 
vacancies which promote the phase transformation, as shown in Figure 3-5.  
 
Figure 3-5: The effect of annealing temperature and iron doping on phase 
transformation from anatase to rutile for the specimens annealed in oxidising 
condition for 1 hour [45]. 
 
3.6.2 Effect of oxygen activity on phase transition 
The oxygen activity has also a significant impact on phase transformation, as shown 
in Figure 3-6. When the anatase specimen is treated in different atmospheres, such 
as hydrogen, vacuum, air, argon, and pure oxygen, for the same time it displays a 
different rutile fractions [48]. The rutile fraction decreases with the increase of 
oxygen activity. Gennari et al., 1998 [47] proposed that the formation of more 




oxygen vacancies in reducing conditions (argon) than in oxidising conditions (air) 
accelerate the phase transformation. 
 
Figure 3-6: The effect of annealing atmosphere on phase transformation 




3.7   Effect of iron concentration on photocatalytic activity of 
TiO2 
Figure 3-7 and Figure 3-8 show the effect of iron concentration on photocatalytic 
activity of TiO2. These results cannot be compared directly because the respective 
kinetic constants were determined for the photo-oxidation reactions of different 
testing compounds. Table 3-4 summarises the determined properties with the main 
derived conclusions. 
 




Table 3-4: Summary of the reported data on the effect of iron concentration on 




Determined properties Reasonable conclusions 







 Iron incorporation leads 
to a decrease of the band 
gap. 
 Photocatalytic activity 
increases up to 0.58 at% 
Fe.  
Fe3+ forms 
TieF  . 
 





Phenol  Iron incorporation results 
in an enhanced 
photocatalytic activity up 
to 0.5 at% Fe.  
Trivalent iron forms 
anodic sites (
TieF 
) up to 
0.5 at% Fe. 






Acetone  Iron doping results in a 
reduction of the band gap 
of TiO2. 
 XPS study shows the 
existence of Fe3+ and Fe2+ 
at the surface of Fe-doped 
TiO2. 
 Increase of the 
photocatalytic activity up 
to 0.25 at% Fe.  
 Photocatalytic activity 
is not related to the 
light absorption. 




TieF  , 
respectively. 
 








Fe leads to  
 a reduction of the band 
gap.  
 an increase of the  
photocatalytic activity up 
to 0.05 at% Fe.  
Photocatalytic activity is 











 Iron leads to increase of 
the photocatalytic activity 
up to 0.8 at% Fe.  
 XPS study reveals the 
presence of both Fe3+ and 
Fe2+ at the surface of Fe-
doped TiO2. 
Fe3+ and Fe2+ 
incorporate as 
TieF  and
TieF  , respectively. 
 
Mathews et 






Iron results in enhancement 
of the light absorption and 
photocatalytic activity.  
Fe3+ maybe incorporated 
as
TieF   leading to the 
formation of oxygen 
vacancies. 
Fàbrega  et 







Band gap decreases with 
iron doping.  
Iron doping into TiO2 
results in a decreased 
photocatalytic activity 
owing to the formation 
of defect complexes. 
Naeem et 





Phenol  Iron doping leads to a 
reduction of the band gap.  
 Photocatalytic activity 
increases up to 0.5 at% 
Fe. 
Fe3+ forms
TieF  . 
 








 Iron doping leads to a 
reduction of the band gap 
and increase of the 
photocatalytic activity up 
to 5.9 at% Fe. 
The photocatalytic 
activity is not related to 
the light absorption. 











 Band gap decreases with 
the iron concentration. 
 Iron doping results in the 
formation of intermediate 
state within the band gap 
of TiO2. 
 XPS shows the existence 
of both Fe3+ and Fe2+ at 
the surface. 
 Increase of photocatalytic 
activity up to 1.5 at% Fe. 
 Fe3+ and Fe2+ 
incorporate as 
TieF   
and
TieF  , respectively. 
 Photocatalytic activity 
is not significant at 
higher iron 
concentration (beyond 
1.5 at%) due to the 
formation of defect 
clusters. 
Delekar et 








Iron leads to  
 a decrease of the band 
gap.  
 an increase of the 
photocatalytic activity 
with the iron 
concentration.  
 The photocatalytic 
activity is directly 
related to the band 
gap. 
 Fe3+ incorporates as
TieF  , leading to the 
formation of oxygen 
vacancies. 
Pang et al., 







 Iron doping results in a 
reduction of the band gap. 
 Photocatalytic activity 
increases due to high 
surface area. 
 Fe3+ incorporates as 
TieF  leading to 
formation of oxygen 
vacancies.  








 Band gap and surface area 
decreases with the iron 
concentration. 
 XPS studies show the 
Fe3+ oxidation state at the 
surface of Fe-doped TiO2. 
 There is no direct 
relationship between 
band gap, surface area 
and photocatalytic 
performance. 
 Fe3+ forms 
TieF  . 







Fe doping results in an 
 increase of surface iron 
species (Fe3+), 
determined by XPS 
analysis.  
 increase of the 
photocatalytic activity up 
to 0.7 at% Fe. 
 Fe3+ incorporates as
TieF   leading to the 
formation of oxygen 
vacancies. 
 Fe2O3 clusters forms at 
higher iron 
concentration. 









 Iron leads to the 
enhancement of the light 
absorption.  
 The enhancement of light 
absorption increases the 
photocatalytic activity. 
Fe3+ may be 
incorporated as
TieF  . 
 









The incorporation of iron 
into TiO2 results in: 
 reduction of the band 
gap.  
 increase of the 
photocatalytic activity up 
to 0.1 at% Fe. 
 decrease of  the 
photocatalytic 
performance owing to the 
formation of cluster 
beyond 0.1 at% Fe. 
 Photocatalytic activity 
is not related to the 
band gap. 
 Fe3+ forms
TieF  . 
 Fe participates the 
following reactions:  
  eFeFe 43
  22 OOe  
  34 FeOHOHFe  












Iron results in  
 a reduction of the band 
gap.  
 an increase of  the 
photocatalytic activity up 
to 2 at% Fe. 
Formation of defect 
complexes (beyond 2 
at% Fe) results in a 
decrease of the 
photocatalytic activity. 
XRD = X-ray diffraction , XPS = X-ray photoelectron spectroscopy, TEM = Transmission electron microscopy, 
DTA =Differential thermal analysis , ICP = Inductively coupled plasma , SEM = Scanning electron microscopy, 
EDX = Energy dispersive X-ray, ESR = Electron spin resonance, UV = Ultraviolet-Visible 
 
 
Figure 3-7: The reported data on the photocatalytic activity of TiO2 as a function of 
bulk iron concentration for samples of different morphologies, such as nanotubes (a), 
and thin films (b). 





Figure 3-8: The reported data on the photocatalytic performance of TiO2 as a 
function of bulk iron concentration. Both top and bottom figures are based on same 
morphology (nanoparticle). However, the scale of iron concentration is different. 
 
3.8 Effect of grain size on the band gap of pure and Fe-
doped TiO2 
 
This section considers the effect of grain size of polycrystalline TiO2 on the band 
gap. The related experimental data are collected in Table 3-5 a and Table 3-5 b for 
TiO2 and Fe-doped TiO2, respectively. The effect for undoped TiO2 is represented 
graphically in Figure 3-9.  





Table 3-5 a: The reported data on the band gap of TiO2, including single crystal and 
polycrystalline specimens. 





 Single crystal TiO2 






Gupta and Ravindra, 
1980 [61] 
Optical 3.03  




Average value 3.06 eV 
 Polycrystalline TiO2 
Fox et al., 2010 [63] Rutile Direct  
Theoretical 
2.46 --- 





















Fabrega et al., 2010 [54] UV-Vis 
absorbance 
3.2 22.8 
Carneiro et al., 2014 [67] Indirect 3.14 14.94 




Sood et al., 2015 [68] Mixed --- UV-Vis 
absorbance 
3.2 25 
Yan et al., 2015 [69] Rutile Indirect  2.9 10 
 
As seen in in Figure 3-9, the linear dependence represents the effect of grain size on 
the band gap for TiO2 (anatase). The data reported by Tang et al., requires 
verification owing to the substantial deviation from the band gap value for anatase. 





Figure 3-9:  The effect of grain size on band gap for undoped TiO2 (anatase) in air 
[1, 2, 3, 4, 5 and 6 indicates reference 69, 67, 54, 68, 66, and 65, respectively]. 
The reported experimental data on the band gap for Fe-doped TiO2 (Table 3-5 b) is 
not appropriate for the determination of the effect of grain size on the band gap since 
the data correspond to different iron content. Therefore, the reported data are affected 











Table 3-5 b: The reported data on the band gap of Fe-doped TiO2. 
References Phase Transition Approach Band gap, Eg [eV] 
 














3.29  11.1 3.03 (20) 8.8 






3.19  14.9 2.97 (1)  11.4 





3.25 --- 2.88 (10) --- 
George et al., 
2011 [16] 
Indirect 
3.26 6~12 2.9 (8) --- 





3.44  9.8 3.2 (20) 6.28 






2.74 22.6 2.05 (2.2) 9.7 
Sobczyk-















3.13 18 2.64 (1) 16.94 








et al., 2016 [17] 
3.11  16.3 2.4 (7) 7.3 
 
 
3.9 Research questions 
To obtain well-defined experimental data, the processing procedure applied in this 
work involved annealing in the gas phase of controlled oxygen activity. The effect of 
iron was examined at concentrations within the solubility limit.  The techniques that 
allow atomic level control mixture include: the procedures which allow to mix the 
reagents either in liquid phase such as sol-gel or gas phase such as chemical vapour 
deposition. In order to assure iron distribution at the atomic level, specimens were 
processed using the sol-gel technique.  Generally, the present work addresses the 
following questions: 
1.   What is the effect of acceptor-type dopants, such as iron, on the electronic 
structure of TiO2, especially the band gap? 




2.   What is the effect of oxygen activity on the electronic structure of pure and 
Fe-doped TiO2? 
3. What is the effect of iron surface segregation on surface vs. bulk iron 
concentration in Fe-doped TiO2? 
4. What is the effect of oxygen activity on surface vs. bulk composition of Fe-
doped TiO2? 
5. What is the effect of iron concentration on photocatalytic activity of TiO2? 
6. What is the effect of oxygen activity on photocatalytic activity of pure and 
Fe-doped TiO2? 
7. What are the optimal processing conditions, in terms of iron concentration 
and oxygen activity, to obtain the desired photocatalytic activity of Fe-doped 
TiO2? 
8.  Based on the well-defined experimental data, what theoretical model can be 
developed which explains the effect of iron concentration on the electronic 
structure of TiO2, segregation in TiO2, and photocatalytic activity of TiO2? 
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4 Experimental Procedures 
This chapter details the preparation of the catalyst and characterization of the 
obtained specimens. Sol-gel technique was used for sample preparation. Proton 
induced X-ray emission (PIXE), X-ray photoelectron spectroscopy (XPS) and 
secondary ion mass spectrometry (SIMS) were employed for chemical analysis of the 
samples and scanning electron microscopy (SEM) was used for the determination of 
surface morphologies. 
Band gap was determined from the UV-Vis spectrophotometry data. Photocatalytic 
activity of the specimens was examined by the oxidation of methylene blue (MB) as 
a testing compound.  
4.1 Preparation of the specimen 
4.1.1 Sol-gel technique 
Titanium isopropoxide (TTIP), iron nitrate [Fe(NO3)3.9H2O],  acetic acid, ethanol 
and water were used as precursors to prepare the Fe-doped TiO2 specimens.  The 
ratio of acetic acid to titanium and titanium to deionized water was adjusted to 1.5:1 
and 1:4, respectively for proper hydrolysis reaction [1, 2]. The amount of ethanol 
was adjusted to achieve a concentration of  0.8 mol/L of titanium in the final solution 
to produce homogeneous monolithic gel [2]. Three beakers (B1, B2 and B3) were 
used to prepare the solutions. For example, the amounts required to prepare 0.05 at% 




Fe-doped TiO2 specimen are titanium isoproxide = 92.68 mL, water = 26.828 mL, 
acetic acid = 22.55 mL and ethanol = 379.69 mL. 
 Fe(NO3)3.9H2O powder was  mixed with ethanol in B1 and stirred until fully 
dissolved. The selected amount of iron nitrate was added to the solution to 
obtain the desired iron concentration in Fe-doped TiO2. 
 TTIP was added to acetic acid in B2 under vigorous stirring.  
 The remaining amount of ethanol was mixed with deionized water in B3.  
Then, the solution from B1 was poured slowly into B2 while stirring continuously. 
After 1 hour, the B3 solution was added drop wise to the B2 under stirring. Shortly 
later, the gel was formed and the beaker was placed on the hot plate in a fume 
cabinet at 353 K for 2-3 days to dry. 
4.1.2 Formation of solid solution by high temperature 
processing 
After drying, the obtained solid product was ground into fine powder using an agate 
mortar. Then, the powder was placed inside a platinum-lined alumina boat for 
calcination at 773 K for 3 hours in an opened tube furnace with a ramp rate of 5 
°C/min. The calcined powder was mixed with 1% of paraffin wax acting as a binder 
and formed into a pellet (1.9-2 mm thickness) by pressing uniaxially with a load of 
one ton. The binder was removed by heating at 873 K for 10 hours in air. Then, the 
pellets were sintered at 1373 K for 5 hours for densification. The specimen of pure 
TiO2 was prepared in the same way without adding Fe(NO3)3.9H2O.  
4.1.3 Sample processing 
The surface of the sintered polycrystalline pellet is rough; however, the 
characterization techniques, such as SIMS and XPS, require flat and smooth areas to 




probe. Therefore, the specimens were polished on grade P240 sand paper. Two series 
of polycrystalline specimens were prepared: 
 The specimens of Fe-doped TiO2 (including the specimen containing 0.18 
at% Fe) were re-annealed at 1273 K for 24 hours in the gas phase of oxygen 
activities in the range 10
-12
 Pa < p(O2) < 10
5
 Pa:  
 Pure oxygen, p(O2) = 100 kPa 
 Artificial air (79% argon and 21% oxygen),  p(O2) = 21 kPa 
 Argon, p(O2) = 10 Pa  
 Argon/ 1% of hydrogen, p(O2) = 10
-12
 Pa at 1273 K  
 The specimens of Fe-doped TiO2, including 0.05 – 1.4 at% Fe, were re-




The single crystal of Fe-doped TiO2, involving 0.1 at% Fe, (size = 10x10x2 mm) was 
provided by Shinkosha, Japan. The specimens were annealed at 1273 K for 24 hours 
in two different oxygen activities: 100 kPa and 10
-12
 Pa. 
All specimens were cooled down to room temperature without changing the gas 
phase environment. The zirconia-based electrochemical oxygen probe has been 
applied for monitoring oxygen activity during the experiments [1]. The effects of 
polishing and annealing are schematically represented in Figure 4-1 showing the 
surface microstructure after sintering (a), after polishing (b), and after subsequent re-
annealing (c). The flow diagram of the preparation technique of polycrystalline 
specimen is shown in Figure 4-2. 














Hydrolysis B3 C2H5OH / H2O
Adding





353 K in air, 48 h
Tube furnace
Mechanical stirring, 1 h
Isostatic pressing 1 ton
Tube furnace
Sintering 
1373 K in air, 5 h
Annealing















(Removal of surface layer)
Fume cabinet
Tube furnace












Figure 4-2: Flow diagram of the processing procedure in the formation of 
polycrystalline Fe-doped TiO2 specimen with subsequent analysis. Where, B1, B2 
and B3 represent the beaker 1, beaker 2 and beaker 3, respectively. 




4.2 Determination of oxygen activity 
The zirconia-based oxygen sensor, which is shown in Figure 4-3, was used to 
determine the oxygen activity. The zirconia probe is made of YSZ (yttria-stabilised 
zirconia) pellet with deposited porous platinum electrodes on both sides, and 
supported inside an alumina tube. The Nernst-Einstein equation was used to 










2  (4-1) 
where, E is the voltage (mV), kB is the Boltzman constant, T is the absolute 
temperature (K), p(O2)x is the studied oxygen activity and p(O2)air is the reference 
oxygen activity. The gas flow rate was maintained at 100 ml/min by mass-flow 











Figure 4-3: The schematic illustration of an yttria-stabilised zirconia (YSZ) 
electrochemical oxygen sensor. 
4.3 Characterization of the specimens 
4.3.1 Bulk analysis using proton induced X-ray emission 
(PIXE) 
The bulk chemical analysis was performed using the proton-induced X-ray emission, 
PIXE (on the 2MV STAR tandem accelerator) at Australian Nuclear Science and 
Technology Organisation (ANSTO). As shown in Figure 4-4, the incident ion from 




the accelerator hits the inner-shell electron and produces a vacancy. This vacancy is 
filled up by an electron from the outer-shell; an X-ray of characteristic energy related 
to that particular atom is then emitted and detected. A 2.6 MeV proton beam of 10-15 
nA beam current, collimated to 3 mm, was directed to the specimen at a normal 
angle. The generated X-rays were detected using a Si(Li) detector with an attached 
25 µm thick Be window. However, due to the thick specimens and high X-ray yields, 
the Si(Li) detector could easily be overloaded. Therefore, an additional pinhole filter 
(1700-μm thick acrylic with 2% hole area) fitted with 4-μm thick mylar film was 
applied to decrease the intensity of the low energy X-rays excited with the high cross 
sections. The elemental bulk concentrations were determined from the obtained X-
ray spectra using the GUPIXWIN software package (Version 2.1.4, University of 
Guelph, Canada). The PIXE spectra obtained for as-sintered Fe-doped TiO2 
specimens are shown in Figure 4-5. 
Incident ion









Figure 4-4: The schematic representation of the inner-shell vacancy creation due to 
high energy particle interaction and subsequent X-ray emission. 





Figure 4-5: The PIXE analysis results for Fe-doped TiO2 polycrystalline specimens. 
 
The bulk concentration of iron and other extrinsic elements was determined from the 
surface area of the related peaks. The results of the PIXE analysis, including the 
concentration of iron and main impurities, are included in Table 4-1. 
 




Table 4-1: The results of elemental bulk concentrations of Fe-doped TiO2 specimen 
obtained from PIXE technique. 
Theoretical 
amount of 
Fe  [at%] 
Actual concentrations in specimen [at%] 
Fe Ti K Cl Ni Zn Ta 
0.00 0.000523 99.78532 0.009018 0.190912 0.003604 0.002773 0.003145 
0.05 0.052197 99.74146 0.013127 0.177369 0.003343 0.003386 0.004115 
0.10 0.093243 99.73886 0.000258 0.156173 0.002582 0.002704 0.003182 
0.20 0.182628 99.58811 0.007688 0.210530 0.001679 0.002110 0.002260 
0.50 0.487143 99.35311 0.010537 0.150471 0.002621 0.00296 0.003154 
1.50 1.402419 98.36783 0.012755 0.210522 0.002774 0.000778 0.002924 
 
As seen in Table 4-1, the bulk concentration of iron in all the specimens differs 
slightly from the intentional amount imposed during chemical processing. As also 
seen, the specimens include minor concentrations of aliovalent impurities, such as 
potassium, nickel, zinc and tantalum. The amount of chlorine present in the specimen 
was substantial, however, the effect of chlorine on the properties of TiO2 can be 
ignored if the specimens are annealed at 573 K and beyond [3]. 
4.3.2 Microstructure  
The surface morphology of the ceramic samples was examined using a scanning 
electron microscopy. A thin carbon layer was deposited on the surface of the 
specimens in order to prevent the development of a surface charge. The carbon 
deposition procedure was done in a vacuum. The Zeiss Ultra Plus with Oxford 
instrument X-ray microanalysis system at ANSTO was used to obtain the SEM 
micrographs. The image of each specimen was captured in-lens of secondary 
electron detectors. The effect of iron concentration and oxygen activity on surface 
morphology of TiO2 is shown in Figure 4-6 a and 4-6 b, respectively.  
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Figure 4-6 a: The SEM micrographs for pure TiO2 (a) and 1.4 at% Fe-doped TiO2 
(b), both a and b were annealed at 1373 K for 24 h in artificial air, and Fe-doped 
TiO2, containing 0.18 at% Fe, annealed at 1273 K for 24 hours in oxygen activities 
corresponding to 100 kPa (c), and 10
-12
 Pa (d). 
 
As seen in Figure 4-6 a, the grain size increases due to the incorporation of iron into 
TiO2 lattice, and the average grain size for pure TiO2 and 1.4 at% Fe-doped TiO2 is 
1.3 µm and 3.1 µm, respectively. On the other hand, the average grain size of 0.18 
at% Fe-doped TiO2 is larger (2.56 µm) in reducing condition compared to the 
specimen annealed in oxidising condition (1.8 µm).  As seen in Figure 4-6 b, the 
changes of grain size is insignificant. 
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Figure 4-6 b: The SEM images showing the effect of iron doping on grain size of  
Fe-doped TiO2, involving iron concentration from 0.05 to 1.4 at%, annealed at 1373 
K for 24 hours in two different oxygen activities: 21 kPa (a, b, c) and 10
-10
 Pa (d, e, 
f). 
4.3.3 Depth profile analysis by secondary ion mass 
spectrometry (SIMS) 
The concentration-depth profiles of the chemical elements of interest were 
determined by secondary ion mass spectrometry, SIMS (Cameca IMS 5f). The 
principle of the method is shown in Figure 4-7. Prior to the measurement, the 
surface of the studied specimens was covered with a 15 nm thick gold layer in order 




to avoid the charging effect. The solid samples were then sputtered by primary ions, 
such as oxygen, with 7.5 keV net impact energy and 30 nA beam current, and 
rastered over the area of approximately 180 μm x 180 μm.  Ejected secondary ions 
were analysed by the mass spectrometer that provides information about elemental 
chemical composition of the sputtered layer.  
The average sputtering rate (the crater depth/the sputtering time) was calculated 
using the crater depth, as measured by a stylus profilometer (Alpha-Step IQ, KLA-
Tencor). To avoid the effect of crater edge, the analysis was performed on a smaller 




Ti was used to 














  (4-2) 
where, (CFe)surface and (CFe)bulk represents the concentration of iron at the surface and 
in the bulk, respectively, IFe and ITi represents the intensity count of iron and 
titanium, respectively. 





















Figure 4-7: The schematic representation of performance principle of the SIMS 
analysis. 
 
4.3.4 Surface analysis using X-ray photoelectron 
spectroscopy (XPS) 
The elemental concentration and oxidation state of the selected species at the surface 
of the specimen were determined using XPS (ESCALAB 250xi). Before performing 
the XPS experiment, the sample surface was sputtered with argon ion beam (3 keV) 
to remove the unwanted impurities, such as carbon, introduced due to polishing. The 
150 W (13 kV×12 mA) power source of monochromatic X-rays [Al Kα (1486.68 
eV)] was used to eject electrons from the solid sample. A photoelectron take-off 
angle was set to 90° relative to the surface plane to examine the concentration of iron 
within the surface layer of approximately 6 nm. A pass energy filter of 100 eV for 
survey scans and 20 eV for regions of interest was used. An electron energy analyser 
was used to provide information about the energy of the emitted electrons. The 




identity, chemical state, and quantity of the detected element were determined from 
the binding energy and the intensity of photoelectron peaks. 
4.3.5 Determination of the band gap 
An UV−Vis−NIR spectrophotometer (Agilent Cary 5000) with an integrating sphere 
attachment (DRA-2500) was used in a reflectance mode to determine the band gap. 
The instrument was calibrated by placing a polytetrafluoroethylene (PTFE) standard 
plate on the reference port (100% reflectance).  The reflectance of each sample was 
measured in the wavelength range of 200−800 nm with a scan rate of 600 nm/min. 
The band gap of Fe-doped TiO2 was determined by plotting 
2))(( hRF  as a 
function of energy, hν (Tauc plot [4, 5]), and then extrapolating the linear portion of 
the graph to intersect with the energy axis.  
0))(( 2  hRF  (4-3) 
The direct transition model was used here to determine the band gap as theoretical 
studies show that rutile is a direct band gap semiconductor [6, 7]. 












where, R is reflectance, α is the light absorption coefficient, and s is the light 
scattering coefficient.  When the size of grains in a polycrystalline specimen is large 
comparing to the wavelength of the incident light beam, then the scattering 
coefficient is assumed to be constant. Consequently, for such a case, F(R) is 
proportional to the absorption coefficient, α, and can be used in a construction of the 
Tauc plot.  




4.3.6 Photocatalytic activity 
The testing of photocatalytic performance of the photocatalysts was conducted by the 
mineralization of aqueous methylene blue (MB) solution under simulated solar light 
(Oriel Sol3A solar simulator, model 94043A).  Figure 4-8 shows the schematic 
representation of the photo-reactor for the light-induced oxidation of MB. 
The working distance between the lens of the solar simulator and the surface of the 
ceramic sample was 10 cm. The light irradiance used in these experiments was set to 
1000 W/m
2
 (1 sun). The sample was placed inside a 10 mL beaker filled with MB 
solution on a Teflon support. A magnetic stirring bar under the support kept the 
solution homogeneous. At the initial stage, the whole device was kept in the dark for 




The set-up was then exposed to light to start the experiment and a small amount of 
the solution was drawn from the beaker every 15 minutes and its absorbance spectra 
was measured by the spectrophotometer (Agilent Cary 5000 UV-Vis-NIR). The 
tested solution was poured back into the beaker each time after measuring the 
absorbance, so the total volume of the solution remained unchanged. The change in 
the MB concentration was determined from the height of the absorbance peak at 
∼665 nm for all samples.  
The rate constant (k) of the decomposition reaction was determined from the 
following equation, assuming first-order kinetics [9, 10] because ln (Co/Ct) vs. 





o )(ln  (4-5) 




where, Co and Ct represent the concentration of MB at the beginning of the 














Figure 4-8: The schematic representation of the photo-reactor for the light-induced 
oxidation of MB. A 450-W xenon lamp was used as the light source in the Oriel solar 
simulator (model 94043A). 
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5 Results and discussions 
 
5.1 Electronic structure of Fe-doped TiO2  
5.1.1 Effect of iron concentration 
Figure 5-1 shows the effect of iron concentration on the reflectance spectra of Fe-
doped TiO2. As seen, the incorporation of iron results in modification of the 
absorption edge.  
 
 
Figure 5-1: The reflectance spectra for Fe-doped TiO2, involving iron concentration 
from 0.05 to 1.4 at%, all specimens annealed at 1373 K in artificial air [p(O2) = 21 
kPa]. 
 




The Tauc plots for Fe-doped TiO2 were drawn using Kubelka-Munk function and 
these are shown in Figure 5-2. The fundamental absorption edge moves towards the 
lower energy value with increased iron concentration. The secondary absorption edge 
was observed for the concentration of iron 0.18 at% and beyond.  The band gap, Eg, 
was determined from the value of the abscissa corresponding to the point of 
intersection with the extrapolated linear part of the graph. The photon energy, hv 
(eV) was calculated from the relation, hv = (1239.8/λ), where, λ is the wavelength of 
the incident light in nanometres. 





Figure 5-2: Plots of [F(R)×hv]
2
 vs. hv for the direct optical transition for Fe-doped 
TiO2, involving iron concentration from 0.05 to 1.4 at%, annealed at 1373 K in 
artificial air [p(O2) = 21 kPa]. 





Figure 5-3: The effect of bulk iron concentration on the band gap of TiO2, annealed 
at 1373 K for 24 hours in artificial air, p(O2) = 21 kPa. 
The following points can be made based on the results in Figure 5-2 and Figure 5-3. 
 Undoped TiO2. The band gap of TiO2 was determined to be 3.04 eV which is 
very close to the reported data. The Tauc plot for undoped TiO2 is shown in 
Figure 5-2a. 
 0.05 at% Fe-doped TiO2. As seen in Figure 5-2b, the absorption edge shifts 
towards the lower energy value and that results in the band gap of 3.01 eV.  
 0.09 at% Fe-doped TiO2. The reduction of the band gap was insignificant 
due to the small increase of iron concentration. As seen in Figure 5-2c, the 
absorption edge slightly shifted towards the lower energy level which 
corresponds to Eg = 3.0 eV.  
 0.18 at% Fe-doped TiO2. The absorption edge shifted towards the lower 
energy value and the band gap is 2.96 eV. As seen in Figure 5-2d, the new 




energy level was formed as well which corresponds to Fe
3+
 in titanium sites, 
TieF  . The energy level, TieF   is 0.71 eV above the valence band of TiO2.  
 0.48 at% Fe-doped TiO2. As seen in Figure 5-2e, the increase of iron 
concentration results in a reduction of the band gap to 2.83 eV.  
 1.40 at% Fe-doped TiO2. Figure 5-2f confirms the continuous band gap 
width decrease with the increasing iron concentration. The intermediate 
energy level, TieF   is 0.73 eV above the valence band of TiO2. The band gap 
was determined to be 2.78 eV for Fe-doped TiO2, containing 1.4 at% Fe. 
5.1.2 Effect of oxygen activity 
Figure 5-4 shows the reflectance spectra of pure and 0.18 at% Fe-doped TiO2, 
annealed at 1273 K in different oxygen activities. The spectra obtained in pure 
oxygen [p(O2) = 100 kPa], argon [p(O2) = 10 Pa], and artificial air [p(O2) = 21 kPa] 
are very similar except the reflectance spectra for the specimen annealed in reducing 
condition [p(O2) = 10
-12
 Pa]. The annealing gas phase involves the argon-hydrogen 
mixture 99% and 1 %, respectively. The exact value of oxygen activity was imposed 
by temperature. 





Figure 5-4: The reflectance spectra of pure (a) and 0.18 at% Fe-doped TiO2 (b) 
annealed at 1273 K in different oxygen activities: pure O2 (100 kPa), artificial air (21 




The derived Tauc plots for pure and Fe-doped TiO2 were drawn using the Kubelka-
Munk function and are shown in Figure 5-5.  





Figure 5-5: Plots of [F(R)×hv]
2
 vs. hv for the direct band gap transitions for pure 
TiO2 (a) and 0.18 at% Fe-doped TiO2 (b) annealed at 1273 K in different oxygen 
activities. 
 
Figure 5-6 represents the effect of oxygen activity on the band gap of pure and Fe-
doped TiO2. As seen, altering oxygen activity had a minor effect on the band gap. 
The following points can be made based on these experimental results: 
 Pure TiO2. The band gap of 3.0 eV and 3.04 eV was determined after 
processing in reducing (10
-12
 Pa) and oxidising conditions (100 kPa), 
respectively. The decrease of the band gap in lower oxygen activity was due 
to the formation of oxygen vacancies. The recent study by Albetran et al., 
2016 [1] also concluded that specimen annealed in reducing condition 




exhibits a reduction of the band gap owing to the increased concentration of 
oxygen vacancies. 
 Fe-doped TiO2 (0.18 at%). The band gap value was determined to be 2.90 
and 2.96 eV for the specimen annealed in reducing (10
-12
 Pa) and oxidising 
(100 kPa) conditions, respectively. The band gap difference of around 0.06 
eV which is due to the increased concentration of oxygen vacancies. 
 
 
Figure 5-6: The effect of annealing at 1273 K in the gas phase of controlled oxygen 
activity on the band gap for pure and Fe-doped TiO2, involving 0.18 at% Fe. 
 
5.1.3 Theoretical model  
The theoretical model, representing the effect of iron concentration on the electronic 
structure of TiO2, is shown in Figure 5-7. The model is based on the experimental 
results (Figure 5-2) obtained in this study. As seen in Figure 5-7, the iron energy 
level splits into many (very closely spaced) energy levels with the increase of iron 
concentration, and ultimately, forms a narrow sub-band. TieF   level is around 0.79 eV 
and 0.73 eV above the valence band of TiO2 for 0.18 at% and 1.4 at% Fe-doped 




TiO2, respectively. The edge of the valence band remains unchanged as the band is 
mostly composed of oxygen 2p orbitals and doping with iron does not change the 
position of its edge. On the other hand, mixing Ti 3d states with iron 3d and 4s states 
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Figure 5-7: The schematic representation of the effect of bulk iron concentration on 
the electronic structure of TiO2. 
 
5.2 Effect of segregation on surface vs. bulk composition 
5.2.1 Effect of iron concentration 
5.2.1.1 X-ray photoelectron spectroscopy 
 
The XPS spectra of the studied polycrystalline specimens of Fe-doped TiO2 after 
annealing at 1373 K in artificial air are shown in Figure 5-8. Deconvolution of the 




 exist at the 
surface of Fe-doped TiO2. However, Fe
3+
 is the predominant oxidation state. 






Figure 5-8: Fe2p-related spectra (intensity count per second vs. binding energy) for 
Fe-doped TiO2, containing iron content from 0.05 to 1.4 at%, annealed at 1373 K in 




species are marked by different shading intensity. 
 
5.2.1.2 Secondary ion mass spectrometry 
 
The results obtained from the SIMS analysis, which are shown in Figure 5-9, 





Fe-doped TiO2, involving iron concentration from 0.05 at% to 1.4 at%. To avoid 




surface charging, the samples were covered with a thin layer of gold. Therefore, the 
data obtained for the outermost surface layer of 12 nm thick are affected by gold. 
Consequently, the initial part of segregation-induced data for Fe-doped TiO2, which 
corresponds to the gold layer and its immediate vicinity, was removed from further 
interpretations.  
 
Figure 5-9: The SIMS spectra representing the effect of iron concentration in the 
bulk on its depth profile for Fe-doped TiO2 (polycrystalline) annealed in artificial air 
at 1373 K for 24 hours.  
5.2.1.3 Comparison of XPS and SIMS data  
One of the aims of this thesis is the determination of the effect of annealing on iron 
segregation in Fe-doped TiO2, including both single crystal and polycrystalline 
specimens. The annealing procedure was carried out in the gas phase of well-defined 
oxygen activity. The surface analysis of the specimens was performed using both 
secondary ion mass spectrometry, SIMS, as well as X-ray photoelectron 
spectroscopy, XPS.  




The advantage of the SIMS technique is its high sensitivity and resolution, allowing 




























Figure 5-10: The schematic representation of the segregation-induced enrichment in 
selected lattice species showing the depths of surface analysis by SIMS and XPS 
methods.   
 
Moreover, SIMS allows depth profiling, i.e. the determination of the chemical 
composition for the inner layers as well. The main disadvantage of SIMS is a 
complication in the quantitative chemical analysis that requires calibrations of the 
intensity profiles. In contrast, XPS can determine only the average composition of 
the surface layer. Its thickness depends on the applied incident angle, which is about 




, respectively [3]. However, it is possible to 




obtain absolute concentrations of elements from the XPS data and the oxidation state 
of species present in the surface layer. 
The data on the segregation of iron for polycrystalline Fe-doped TiO2 are shown in 
Figure 5-11, including surface iron concentration (a), and iron enrichment factor (b). 
The surface analysis of Fe-doped TiO2 indicates that the segregation-induced 
enrichment factor of Fe increases with the decrease of bulk Fe concentration. This 
effect indicates that the surface has a tendency to achieve a constant value of Fe, 
independently of the bulk Fe concentration. 
 
Figure 5-11:  The segregation of iron for Fe-doped TiO2 showing the surface vs. 
bulk concentration of iron (a), and the segregation-induced enrichment factor of iron 
(b) for polycrystalline specimens annealed at 1373 K for 24 hours in artificial air, 
p(O2) = 21 kPa, according to both SIMS and XPS surface analysis.  




As seen, both XPS and SIMS attest iron segregation, however, the enrichment factor 
derived from the XPS measurements is slightly larger than that obtained from SIMS. 
The difference between these two results was strongly affected by the dissimilar 
resolution of both methods and by neglecting the outermost surface layer (12 nm) in 
the SIMS data. As a consequence, the first layer accounted by SIMS was 12 nm 
beneath the initial surface layer. The procedure of obtaining the absolute surface 
concentration of iron from the SIMS data is described later (section 5.2.2.2 - single 
crystal vs. polycrystal). 
5.2.2 Effect of oxygen activity on the valence of iron 
5.2.2.1 X-ray photoelectron spectroscopy 
Figure 5-12 represents the effect of oxygen activity on oxidation state of iron at the 
surface of polycrystalline Fe-doped TiO2 (0.18 at%). The XPS spectra were 





) changes with oxygen activity.  





Figure 5-12: The effect of oxygen activity on Fe2p-related spectra (intensity count 
per second vs. binding energy) for 0.18 at% Fe-doped TiO2 annealed at 1273 K. The 




species are marked by different shading 
intensity. 
 
The effect of oxygen activity on the relative amount of surface iron ions of two 
different valences in Fe-doped TiO2 is represented in Figure 5-13. As seen, the 
predominant oxidation state in reducing conditions is Fe
2+
. The number of these 
species sharply decreases in oxidising conditions at p(O2)>10
2
 Pa. As also seen, the 
amount of tri-valent iron species in reducing conditions is approximately 37% and 
this quantity sharply increases to 65% at p(O2)>10
2
 Pa.  The reason of the observed 
decrease in the concentration of Fe
2+ 
ions consists in the resulting surface charge, 
namely the increase of p(O2) results in increased concentration of titanium vacancies 









Figure 5-13: The effect of oxygen activity on the percentage of surface iron species 
in Fe-doped TiO2 annealed at 1273 K for 24 hours in different oxygen activities.  
 
5.2.2.2 Secondary Ion Mass Spectrometry 
 Polycrystalline specimen 
The effect of oxygen activity on the segregation-induced depth profile of iron in 
polycrystalline Fe-doped TiO2 is shown in Figure 5-14. The as-polished specimen is 
used here as the reference. As seen, the iron concentration at the surface increases 
with the decrease of oxygen activity. The data in Figure 5-14 can be used for the 
calculation of segregation-related enrichment factor.   





Figure 5-14:  The SIMS spectra representing the effect of oxygen activity on depth 




 Single crystal specimen 
The effect of oxygen activity on the segregation-induced depth profile of iron in Fe-
doped TiO2 single crystal is shown in Figure 5-15.  It is interesting to note that the 
surface concentration of iron for the as-polished specimen, which can be used here as 
a reference, is larger than that for the specimen annealed in pure oxygen [p(O2) = 100 
kPa]. 





Figure 5-15:  The SIMS spectra showing the effect of oxygen activity on 
segregation-induced depth profile of 0.1 at% Fe-doped TiO2 annealed in the gas 
phase of different oxygen activities at 1273 K for 24 hours. 
 
  Single crystal vs. polycrystalline 
The combined results of surface vs. bulk concentration of iron for single crystal and 
the polycrystalline specimen of Fe-doped TiO2 are shown in Figure 5-16. The figure 
was drawn based on the following: 
 The first 12 nm thick layer is considered the gold affected layer and, 
therefore, the data measured for this layer was removed from any further 
interpretation.  
 The enrichment factor (f = surface/bulk iron concentration) was determined 
by dividing the intensity ratio at the surface by that in the bulk. Iron bulk 
concentrations in polycrystalline specimens were determined by PIXE, as 
shown in Table 4-1. Using the obtained enrichment factors, surface iron 
concentrations were then calculated and they are represented by dot points on 
the graph. 




 The dash lines represent the gradients of iron concentration along the distance 
(0 to 190 nm for polycrystalline specimen and 0 to 340 nm for single crystal 
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Figure 5-16:  The SIMS-related segregation-induced depth profile for Fe-doped 
TiO2 annealed at 1273 K for 24 hours in the gas phase of different oxygen activities. 
The bulk concentration of iron for polycrystalline specimen was determined by PIXE 
analysis.  
 
The results from Figure 5-16 on the segregation-induced enrichment factor of iron 
are summarised in Figure 5-17. 
 





Figure 5-17: The effect of oxygen activity on the segregation-induced enrichment 
factor of iron for Fe-doped TiO2 annealed at 1273 K for 24 hours in the gas phase of 
controlled oxygen activity for both single crystal and polycrystalline specimens. 
 
The results in Figure 5-16 and Figure 5-17 allow the following points to be made: 
 Polycrystalline specimen 
 The increase of oxygen activity results in a decrease of the segregation-
induced iron concentration (the related enrichment factor change from 
approximately 40 to 11).  
 The reference, an as-polished specimen, exhibits the iron enrichment level 
at the surface comparable to that for Fe-doped TiO2 annealed in oxidising 
condition.  
 Single crystal 
 The decrease of oxygen activity results in an increase of the segregation-
induced iron concentration and the related enrichment factor from 
approximately 26 to 209 in oxidising and reducing conditions, 




respectively. Therefore, the related enrichment factors are larger from 
those for polycrystalline specimens by the factor of 2-5.  
 The as-polished reference specimen exhibits the iron enrichment level of f 
= 162 that is comparable to that of Fe-doped TiO2 SC annealed in 
reducing conditions.  
Enrichment factors for the single crystal and polycrystalline specimens may be 
considered in terms of the related microstructures. The single crystal, which is free of 
grain boundaries, allows for the unobstructed transport of segregating species 
directly to the external surface. Therefore, the segregating iron species are extracted 
from the entire bulk phase. On the other hand, the species segregating towards the 
external surface of polycrystalline specimens are trapped by grain boundaries. As a 
result, the amount of iron reaching the external surface is reduced by the amount 
segregating to grain boundaries.    
5.2.3  Theoretical model of segregation 
The predominant driving forces of segregation in metal oxides include (i) the strain 
energy related to the mismatch of ionic radii between the segregating species and the 
host lattice species, and (ii) the electrostatic force.  
5.2.3.1 Strain energy 






 species are 0.64 nm, 0.77 nm and 0.60 nm, 
respectively [4]. The only mismatch that could contribute to the strain energy 
component originates from di-valent iron ions, while the strain energy component 
related to tri-valent iron ions can be ignored.  
   




5.2.3.2 Electrostatic field 
The electrostatic field, which is imposed by the electrically charged surface layer, 
promotes the migration of iron species that are electrically charged. The proposed 
model on the segregation of iron species in Fe-doped TiO2 due to the gradient of 
electric field is represented in Table 5-1.   
 
Table 5-1: The model representing the effect of oxygen activity on defect disorder of 
the surface layer and the bulk phase and the associated transport of the segregating 


























































The model considers both oxidising and reducing conditions. Annealing TiO2 in 
oxidising conditions results in imposition of a negative surface charge that is related 
to the presence of immobile titanium vacancies, which are the predominant species at 
the surface, when oxygen activity in the gas phase is high [5]. The resulting 
electrostatic field is the driving force for segregation of negatively charged iron 
species from the surface to the bulk phase and positively charged iron species from 




the bulk to the surface. On the other hand, annealing TiO2 in reducing conditions 
results in imposition of positive surface charge that is associated with oxygen 
vacancies. The resulting electrostatic field is the driving force for segregation of 
negatively charged iron species from the bulk to the surface. A Ti8O5 type surface 
structure can also form at the surface in reducing condition. An H4TiO4 type structure 
may also appear at the surface as low oxygen activity in the gas phase was achieved 
by the means of Ar/H2 atmosphere. 
Taking into account the above considerations, the segregation of iron in reducing 
conditions may be pondered in terms of both the strain energy contribution and the 
electrostatic contribution. At low oxygen activity, Fe
2+
is the preferred oxidation state 
of iron, hence, the strain energy increases due to the larger ionic radius of these ions. 
On the other hand, the predominant driving force of segregation in oxidising 
conditions is the electrostatic contribution. 
  
5.3 Effect of iron concentration on photocatalytic 
performance of TiO2 
5.3.1 Photocatalytic degradation of MB 
Figure 5-18 depicts the photocatalytic degradation of methylene blue (MB) with 
reaction time using 0.09 at% Fe-doped TiO2 photocatalyst. Absorbance spectra of 
MB, obtained in the presence of other photocatalytic specimens, are similar in shape. 
The decreasing in the height of the absorbance peak determined after soaking in the 
dark is related to the adsorption of MB on the surface of the catalyst. As seen in 
Figure 5-18, the 0.09 at% Fe-doped TiO2 ceramic samples can absorb around 30% 
of MB from the solution into the open pores within 2 hours. The continuous decrease 




of the MB absorption peaks over the reaction time clearly indicates the progress of 
MB degradation in the solution. 
 
Figure 5-18: The UV–Vis absorption spectra of methylene blue (MB) with 
wavelength corresponding to the decomposition of MB after different reaction times 
for Fe-doped TiO2, containing 0.09 at% Fe, specimen annealed at 1373 K for 24 
hours in artificial air, p(O2) = 21 kPa. The absorption peaks decreases with the 
reaction time. 
 
Figure 5-19 represents the effect of different iron concentration in TiO2 on the 
degradation of MB. As seen, the degradation of MB progresses with the illumination 
time. Note that the fastest decrease of MB concentration was obtained for the 
photocatalyst containing 0.09 at% iron in TiO2, after annealing in oxidising 
condition, p(O2) = 21 kPa. The photocatalytic activity towards MB decomposition 
decreases with increased iron concentration in TiO2 (beyond 0.09 at% Fe). These 
results contradict with the previous studies claiming that iron doping into TiO2 
always results in a decrease of photocatalytic activity [6-8]. Amongst samples 




annealed in reducing condition (10
-10
 Pa of oxygen activity), the fastest MB 
decomposition was observed for undoped TiO2, therefore, incorporation of iron into 
TiO2 at low oxygen activity does not improve its photocatalytic activity. 
 
Figure 5-19: The photocatalytic decomposition of MB for Fe-doped TiO2 as a 
function of reaction time. The specimens were annealed at 1373 K for 24 hours in 




Plotting ln (Co/Ct) versus reaction time gives the apparent rate constant, k, which is 
shown in Figure 5-20. The rate constants of the MB decomposition reaction for Fe-
doped TiO2, involving iron concentration from 0.05 to 1.4 at%, are shown in Table 
5-2. 




Table 5-2: The effect of iron concentration on the photocatalytic activity of Fe-
doped TiO2 in terms of rate constant. 
Fe-doped TiO2 
 Fe [at%] 












Figure 5-20: The changes of ln (Co/Ct) with reaction time for the specimens of Fe-
doped TiO2, involving iron concentration from 0.05 to 1.4 at%, annealed at 1373 K 
in two different oxygen activities: (a) 21 kPa and (b)10
-10 
Pa. The inside image 
indicates the procedure of rate constant (k) determination. 
 




Figure 5-21 compares the effects of iron concentration on the photocatalytic activity 
(a) and band gap (b) of TiO2. As seen, the incorporation of iron leads to a reduction 
of the band gap of TiO2. However, it has been observed that the photocatalytic 
performance increases only up to a certain iron concentration (0.09 at%) 
incorporated in oxidising condition (21 kPa). This coincides with the segregation-
induced iron enrichment factor which assumes a maximum value at the same 
concentration of iron (Figure 5-11). On the other hand, incorporation of iron into 
host lattice in reducing condition (10
-10
 Pa) results in a decrease of photocatalytic 
activity, despite a significant reduction of the band gap.  





Figure 5-21: The effect of iron concentration on the photocatalytic activity (a) and 






In oxidising condition, p(O2) = 21 kPa, the effect of iron concentration on the 
photocatalytic performance of TiO2 cannot be explained by considering only the 
band gap narrowing (Figure 5-21).  Rather, the effect must be discussed in terms of 
KPPs, comprising surface active sites, Fermi level, and charge transport. 
 Concentration of surface active sites. Titanium vacancies which are 
generated during the incorporation of tri-valent iron into interstitial positions 




and iron ions in Ti position with negative effective charge act as surface 
active sites for water oxidation in Fe-doped TiO2, with the subsequent 
formation of active radicals. At a higher iron concentration (beyond 0.09 
at%), the photocatalytic activity decreases due to the formation of surface 
structure like Fe2TiO5 [9] and defect complexes. 
 Band gap. Incorporation of iron results in a reduction of the band gap of Fe-
doped TiO2 from 3.04 for undoped TiO2 to 2.78 eV. However, photocatalytic 
activity does not follow this trend, which indicates that other predominant 
effects affecting the performance (discussed in section 2.5).  
 Fermi level.  Incorporation of iron into titanium sites and subsequent 
ionisation of these acceptor states shifts the Fermi level towards the valence 
band of TiO2. That increases the anodic behaviour which is required for the 
oxidation reaction.  
 Charge transport. High charge transport is essential for enhancing the 
photocatalytic activity. However, both the concentration and the mobility of 
charge carriers in Fe-doped TiO2 decrease with the increase of iron 
concentration. Consequently, this property has a negative impact on 
photocatalytic activity.   
In reducing condition, p(O2) = 10
-10
 Pa, different incorporation mechanism of iron 
into host lattice results in a decrease of photocatalytic activity as it shifts the Fermi 
level towards the conduction band leading to more cathodic behaviour. Additionally, 
due to the increased concentration of oxygen vacancies the concentration of titanium 
vacancies must decrease to preserve the Schottky equilibrium. Consequently, the 




numbers of active sites for water oxidation are reduced and photocatalytic 
performance is poorer. 
5.3.2 Theoretical model on surface reaction mechanism 
Figure 5-22 shows the graphical representation of mechanism of Fe-doped TiO2 
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Figure 5-22: Proposed surface reaction mechanism of Fe-doped TiO2 with water 
when titanium vacancies (a) and tri-valent iron substituted in Ti position (b) form 
within the surface layer. 




As seen, the adsorption of water molecules on the negative-type defects, such as 
titanium vacancies (a), and tri-valent iron in Ti position (b) results in formation of an 
active complex and the removal of electrons from water. In other words, an electron 
hole reacts with water molecule and generates a hydroxyl radical which subsequently 
oxidises MB. Concurrently, the surface adsorbed oxygen molecule reacts with an 
electron and forms a superoxide anion, which also participates in the oxidation of 
MB. 
Figure 5-23 shows the graphical representation of the example of associated defects 
in Fe-doped TiO2 which could form at higher iron concentrations (beyond 0.09 at% 
Fe). These defects do not take part in any photocatalytic reactions due to the 





























Figure 5-23: The formation of defect complex in Fe-doped TiO2 at higher iron 
concentration (beyond 0.09 at% Fe). 
 
5.3.3 Schematic representation of the effect of iron 
concentration on photocatalytic activity of TiO2 
Figure 5-24 schematically represents the effect of iron concentration on the 
photocatalytic activity of TiO2. Figure 5-24 is divided into two parts: regime-I and 
regime-II.  




Regime-I: Photocatalytic activity increases with the incorporation of iron (up to 0.09 
at%). It has been reported that both divalent and trivalent iron oxidation states exist 
at the surface of Fe-doped TiO2 when the sample was treated in oxidising conditions 
[10]. However, in such a case, Fe
3+
 is the predominant oxidation state at the surface 
of the Fe-doped TiO2 (confirmed by XPS data, Figure 5-13). Both titanium 
vacancies and iron ions in titanium positions can act as surface active sites for water 
oxidation and their population increases with the iron concentration, enhancing 
photocatalytic activity. 
Regime-II: As seen in Figure 5-24, there is a critical concentration beyond which 
photocatalytic activity decreases with the addition of more iron (beyond 0.09 at%). 
The plausible origin of this effect is the formation of a defect complex that can be 
formed according to the reaction: 
 xOTiOTi VeFVeF ))(2 2    (5-1) 
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Figure 5-24: The schematic representation of the effect of bulk iron concentration on 
photocatalytic activity of TiO2. 




5.4 Effect of oxygen activity on photocatalytic activity of TiO2 
5.4.1 Photocatalytic oxidation of MB 
Figure 5-25 depicts the changes in the absorbance spectra of the MB solution with 
the reaction time for Fe-doped TiO2 (0.18 at%) specimen annealed in 100 kPa of 
oxygen activity. As seen in this figure, around 28% of MB was absorbed inside open 
pores of the solid catalyst, when the catalyst and solution were placed in darkness for 
2 hours. The image within Figure 5-25 shows the changes in appearance of the 
solution. More than 92% of MB was degraded after 150 minutes of reaction time. 
 
Figure 5-25: The absorbance spectra of MB solution after several irradiation times, 
demonstrating the photocatalytic decomposition of MB on 0.18 at% Fe-doped TiO2 
photocatalyst annealed in pure oxygen at 1273 K for 24 hours. The inside images 
indicate  (a) initial MB solution; (b) after 120 min. in dark; (c) after 60 min. 
irradiation; (d) after 120 min. irradiation, and (e) after 150 min. irradiation. 
 
Using the height of the MB absorbance peak as a measure of its concentration in the 
solution, Figure 5-26 was constructed, taking into account the data obtained for 
photocatalysts annealed in different oxygen activities. Plotting ln (Co/Ct) versus 




reaction time provides the apparent rate constant, determined using equation (4-5) 
and shown in Table 5-3.  
 
Figure 5-26: The changes of ln (Co/Ct) for pure (a), and 0.18 at% Fe-doped TiO2 (b) 
as a function of reaction time for the specimens annealed at 1273 K in the gas phase 
of different oxygen activities. 
 
Table 5-3: The effect of oxygen activity on the photocatalytic activity of pure and 
Fe-doped TiO2 (0.18 at%) in terms of rate constant. 







 Pa 10 Pa 21 kPa 100 kPa 
Pure  TiO2 14.1 11.3 10.6 12 
0.18 at% Fe-doped TiO2  14.0 11.3 10.6 14.8 
 




Figure 5-27 represents the effect of oxygen activity on the photocatalytic activity (a), 
and band gap (b) of pure and 0.18 at% Fe-doped TiO2.  As seen, oxygen activity has 
a negligible effect on the band gap and a rather, substantial effect on photocatalytic 
performance.  As seen, in the case of Fe-doped TiO2 the highest rate of MB 
decomposition was obtained for the specimen annealed in pure oxygen followed by 
the Ar/H2 mixture, artificial air, and argon. The results in Figure 5-27 can be 
summarised as follows: 
 Pure TiO2. The maximum and minimum of photocatalytic activity was 
observed for samples annealed at 10
-12 
Pa and 21 kPa of oxygen activity, 
respectively. The increased concentration of electrons in reducing condition 
(10
-12
 Pa) is responsible for enhancing photocatalytic activity due to higher 
charge transport. On the other hand, the minimum of photocatalytic activity at 
p(O2) = 21 kPa can be attributed to the very low concentration of charge 
carriers in the vicinity of the n-p transition, which can be confirmed by 
electrical conductivity data, as shown in Figure 3-2. 
 Fe-doped TiO2. The maximum and minimum of photocatalytic activity 
occurred for the sample annealed at 100 kPa and 10 Pa, respectively. The 
increased population of surface active sites, titanium vacancies, play a major 
role in enhancing photocatalytic activity for the specimen processed at 100 
kPa of oxygen activity. As the n-p transition point shifts towards the lower 
oxygen activity owing to the incorporation of iron into TiO2, the 
corresponding drop in charge carrier concentration also shifts.  As a result, 
the sample equilibrated in argon [p(O2) = 10 Pa] displays the lowest 
photocatalytic activity.  





Figure 5-27: The effect of oxygen activity on the photocatalytic activity (a) and band 
gap (b) of pure and Fe-doped TiO2 (0.18 at%) annealed in different oxygen activities 
at 1273 K for 24 hours. 
 
5.4.2 Schematic representation of the effect of oxygen 
activity on photocatalytic activity of Fe-doped TiO2 
Figure 5-28 shows the schematic diagram explaining the effect of oxygen activity on 
the photocatalytic performance of Fe-doped TiO2, which considers both reducing and 
oxidising conditions. It is known that annealing of TiO2 in oxidising conditions 
results in an imposition of negative surface charge that is related to the presence of 
low-mobile titanium vacancies, which are the predominant species at the surface [5]. 




Incorporation of a small amount of iron into TiO2 does not change this effect 
significantly; therefore in this case, the concentration of titanium vacancies also 
increases with the increase of oxygen activity. Additionally, iron ions substituting 
titanium ions in their lattice positions can act as active sites for water oxidation, 
further enhancing photocatalytic activity. On the other end of oxygen activities, 
photocatalytic performance is elevated as well, because the decrease of oxygen 
activity increases the charge transport. The poorest photocatalytic performance is 
observed for the specimens processed in the conditions corresponding to the n-p 
transition point where the concentration of charge carriers is the lowest. 
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Figure 5-28: The schematic representation of the effect of oxygen activity on 
photocatalytic activity of Fe-doped TiO2. 
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6 Comparative effects of oxygen activity on the 
segregation-induced concentration gradients of 
solutes in TiO2. Data comparison for Cr-doped 
TiO2 and Fe-doped TiO2  
The segregation-induced concentration profiles in Figure 6-1 indicate that the 
increase of oxygen activity leads to entirely different effects for Cr-doped TiO2 and 
Fe-doped TiO2: 
(i) The results reported by Rahman et al., 2018 [1] indicate the increase of 
chromium surface concentration, and  
(ii) The results determined in this work attest a decrease of iron surface 
concentration. 
The dissimilar effects result from different influence of oxygen activity on ionisation 
degree of chromium and iron in the surface layer of TiO2. While iron is incorporated 
into the cation sublattice of the surface as two- or tri-valent ions forming acceptors, 
chromium is forming both tri and hexavalent ionic species, while the concentration 
of Cr
6+
  ions increase with the increase of oxygen activity leading, consequently, to 
the formation of donor-type defects. The data in Figure 6-1 also show that 
segregation-induced enrichment factor is much stronger for single crystals [2] than 
that for polycrystalline specimens for both Cr- and Fe-doped TiO2. This effect is 
reflective of the retarding effect of grain boundaries in polycrystalline specimens.  
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Figure 6-1: Comparative representation of the effect of oxygen activity on surface 
vs. bulk concentration of (a) chromium [1, 2] and (b) iron according to SIMS 
analysis. The results in the shaded outermost gold affected surface layer are not taken 
into account. 
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7 Summary and conclusions  
The present project, which is a part of the WSU PhD research program on POSs 
materials for solar energy conversion, studied the effect of point defects and the 
related properties of TiO2-based semiconductors, including electronic structure and 
segregation on photocatalytic activity. The applied experimental procedures aimed at 
the modification of defect disorder in two ways:  
(i) By incorporation of iron into TiO2 lattice, and  
(ii) By modification of oxygen activity leading to alteration of intrinsic defect 
disorder.  
The project resulted in the following findings: 
(1) Establishment of the effect of iron concentration on electronic 
structure of TiO2 
1.1 The incorporation of iron into TiO2 lattice at p(O2) = 21 kPa results 
in a reduction of the band gap from 3.04 eV for pure TiO2 to 2.78 eV 
for 1.4 at% Fe-doped TiO2 (Figure 5-3). 
1.2 Isothermal increase of oxygen activity results in an insignificant 
increase of the band gap for Fe-doped TiO2 from 2.90 eV at 10
-12
 Pa 
to 2.96 eV at 100 kPa (Figure 5-6).  
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1.3 Incorporation of iron results in the formation of an acceptor energy 
level located at 0.71 eV - 0.73 eV above the valence band (Figure 
5-2). 
(2) Determination of the effect of segregation on surface vs. bulk 
composition of iron-doped TiO2  
2.1 The segregation-induced concentration of iron at the surface of Fe-
doped TiO2 increases to a level greatly above the bulk iron 
concentration (Figure 5-11a). This work also determined the related 
segregation-induced iron enrichment factor (Figure 5-11b) which 
has a tendency to increase with the decrease of bulk iron 
concentration (except of the most diluted solid solution). 
2.2 The segregation-induced concentration of iron at the surface of Fe-
doped TiO2 varies with oxygen activity (Figure 5-17). The increase 
of oxygen activity results in a substantial decrease of iron 
concentration for the single crystal (Figure 5-17, 1). The effect for 
the polycrystalline specimen is insignificant (Figure 5-17, 2 and 3).  
2.3 The surface ratio of di- to tri-valent iron species for Fe-doped TiO2 
at p(O2) = 10
-12










= 0.39 at 100 kPa (Figure 5-13). 
(3) Establishment of the photocatalytic activity of iron-doped TiO2  
3.1 Oxidising condition. The increase of iron concentration up to 0.09 
at% Fe of bulk concentration (1.8 at% Fe at the surface) results in 
an initial increase of photocatalytic activity. Further increase of iron 
concentration results in a decrease of photocatalytic activity (Figure 
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5-21, a-1). The latter effect is observed despite the continuing band 
gap reduction with the increase of iron concentration (Figure 5-22, 
b-1).  
3.2 Reducing condition. The increase of iron concentration results in a 
decrease of photocatalytic activity within the entire range of iron 
concentrations (Figure 5-22, a-2) regardless of the reduced band 
gap (Figure 5-21, b-2). 
3.3 Variable oxygen activity. The photocatalytic activity of Fe-doped 
TiO2 assumes the largest value for the specimens annealed in the 
gas phase of p(O2) = 100 kPa and minimum for the specimens 
processed at oxygen activities corresponding to the n-p transition 
point [10 Pa < p(O2) < 10
5
 Pa]. The decrease of p(O2) below that 
corresponding to the n-p transition point results in an increase of 
photocatalytic activity (Figure 5-27, a-2).  
(4) Derivation of theoretical models on several properties of iron-doped 
TiO2 
4.1  Electronic structure. The derived band model describes the effect of 
iron concentration on the electronic structure of TiO2, including the 
position of the iron energy level and the related band gap (Figure 5-7). 
4.2 Effect of segregation. The derived model describes the effect of 
surface charge of Fe-doped TiO2 on the transport of charged iron species 
from bulk to surface or vice versa due to segregation-induced electrostatic 
field generated by non-uniform distribution of charged native defects 
(Table 5-1). 
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4.3 Photocatalytic activity.  The reaction mechanism between the surface 
active sites (anodic and cathodic) of Fe-doped TiO2 with water and 
associated charge transfer is described by two alternative models: 
(i)  Iron is incorporated into interstitial sites leading to the formation 
of positively charged iron species, which act as cathodic surface 
active sites, and anodic surface active sites which are titanium 
vacancies (Figure 5-22a). The enhanced photocatalytic activity is 
influenced by the concentration of titanium vacancies. 
(ii) Iron ions located in titanium sites exhibit negative effective 
charge and are compensated by oxygen vacancies (Figure 5-22b). 
At the surface, this acceptor-type defects act as anodic active sites. 
(iii)  The incorporation of iron above 0.09 at% Fe results in the 
formation of defect complexes, which exhibit reduced photocatalytic 
activity (Figure 5-23). 
 
